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GRMHARY

A sluplified anslysis 38 asde of ths velocily wod decaleratlon
Listory of mizeiles entering the earth's atmospherw st high supersomio
speadn. Ii is found that, 1o goneral, the gravivy force is begligible
comphred to the aerodymswic dreg foros and; heoce, that tha trel vhory
is spsputially a sireight line, A oonstiat dregy corfficient and an
exponentisl veristion of depsity vith eltitude sre asemend mod gonerel-
ized curves for the wariatior of missile speed aud dncelercifon wilh
altiv e are chialved. A curioos finding is tat the saximm dstelers-
tiom ly indepandent of physical charsctaristlcs of a missile (n.x., wass,
vise, and dreg ooefficiant) aud is detarmived caly by eciry specd unc
fligkt-path angla, provided this decelaration oocwrs bhefore ImpAct.

‘This provision is satisfied by aissilss prosently of wore uUsuel lnterest.

The remults of thae motion mmalysia sre employed to determine meana
avmilexle 1o the devigner for winimizing serodypamic heating. Esphssis
is plsesd upon the convective-heating problem including not omly the
total heat transfer but also the saximum Sverwgs ond local rates of
bekt ‘rensfer par unit arsa. It is found that If & misaile is s0 beavy
.rdad only slightly by scrodynamic drax, i tvespective of

of

th & low pressure dreg. 9u the other
t as to be decelersisd to ralatively low

the smoumt feliverel to tha body in the decelarstion proeass. Blunt

shapas appear superior to slenler shapes from the stwdpoint of hevioyg
lowver mkxiwm conveciive brat-iransfer rates in the reglon of the moss.

e mirimce sreruge beat-iTunsfer rats per walt arem amg v reduced by

Iupersaden rerantly declussified WAGA R4 AY:DR6 by B. Julian Allen epd
A, J. Egmers, Jv., 19793.
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farred sloce thare is & maximm rate st vhigh the sorfase materisl can
safely oondngt the hest within itself. An excessively high tlne rate
of heat input say p-owote sach largn esperaturs differences as to
ontme vpalling of tha strfaoc, aod thies resrlt in loss of valusble Beat-

larly of interwst since it detarminas the requlred liquid passping rete.

These Loating problems, of comrss, hare Beon given conglderahls

[ ——

——

WACA TX hOW? 3

sals s stap towsrd satisfying this Desd by Veveloping & lanishly nimgle
motion spalysis, This anelysis ¥as not Zveersdiscd, howsver, since it
wus his purpoes o studr the motion snd Feating of a partloular missils.

1t 1s the purpose of thio rapors co simplify wud gevsralice the
enalysis Of the Meating probles i O'er that the malismt festures of
this problom will be sede clear 90 chat mucnessful sole'inan or the
problen vill suggedt thrmoelved.

A motion apelynis, Raving toax basgic charwcter of Ungier's approsch,
joeccien the heating anslysis, The gencralized resuils of this acalyiie

are of considersbla interest ir. themsolvas mpd, scoordingly, are treat-*
in detail.

ABALYHTS
Mosien of the Body
Conaider 4 boly of sass n entaring the atmosphare fity great
belght, If, at suy eltituds y, tha speed is V =nd the angle Of

sppromch is @ bntlnburunngll {ses skatou), the parmetyio equas
ticne of motion ckh ba vritlen

:—:;--54 %llnﬂ W—--------—l’
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X
Mmpact point (O,

Rprojerly, the analysis should considar thoes effertn resultiog from the
fact that ihe enrth is o rotating sphwre, but smince the sltitode renge
for vhich irsg sffects are ixportant 1s less thon ! percent of the
radius of the edrth, the restilibear troatwent given in tals amlysis
is permissible.
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drag ocosffirient, &imensicnless
spood, ft/ssc
rafarenca area for drag evaluation, sq £t

B> <9

maie of the hody, alugs

mas dousity of the nir, slvgs/rt®
g  sccelerwtion of gravity, ft/sec®

X,y horizsootal axd verticel distenos from the point of impeat with
the earth, It

[} sngle belwesn the flight path and the borisootal, deg

{Bea Appenidix A for cosplace 1list of syubols.)

In gensral;, tbe dreg coefficient varles with Hach nomber aps
Reyoolds momber, vhlle the deneity and, to a very minor axtent, the
acealsration of gravity vary with altitude. Hence it is olsar that
woxact solution of thesse squetions is formidabls. Lot us first, them,
oondider the falloving sinplified caset

1. The boly descends wartically.

2. The dreg cosfficient is constamt.?

1. The accelerstion ol grevity is constent®

k. The donsity ws a function of altivde is given by the relation
l:-n.,-""r (2)

viere p, and f we omstants. This relation is csasiatent with the
assmption of an isothersal stwosphare.

well kmown, this sssegption in generslly of gord accuragy st the
Marh mmbers unler cowlierstion, ut lowrt an loog ws the totsl
largely pressuxe drag.
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Equatioos (1) 4ben reduos to the single equation

g-—ﬁ-—;-p%do-wf' (3)
Noting that
ve 1ot
Z=vt

and equation (3) becomes the linear Aiffsrential equation

ay
vhich bas the well-knowm solution

SR e, )

Performing ihe integrations, ve obtain sz tha solution of thir relation

& c—r-;ic'wl-tig-o (&)

_Eﬁg_l_._w - Eﬁg‘_._w“
Eatee B %Z(_'%E-_.egnm. (5)

80 that the dacwleration bectass, in terws of grarity acceleration,

‘.".'-. t!A ~ - - 3
_%.. %.'W;%' v %IZ EL;L) - fgy+comnt.| -1

(6)
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rougs from 20,000 to 180,000 feet. Thuse relat
onlevlating the velowlty and decalsratios of ths sphore for variows
vartic

aaglscted vithout suricesly sffecting the remlts.” Uhen this term is
neglected the epation of mytion hecomns

. Sy -y

574 1 woal to tegleot the gravity sooalerstiom & pricei (ves e.g.)
Ml-lﬂ‘-)
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At the altisulde of 50 miles 1t can readily te shovn that the tarm

- 5P ey
e Bpn 1

is very nearly unity so that the walonity mxy be written

A ey

YaVge 2bm ()]

a .
_& _Ofoh%” o Sﬂ-‘-,_ i
[}

p (10)

wore ¥y is the snbyencs wpesd.

By uss of oqeations (9) sud (10) the vertical-decent speeds and
dooalerations for the l-foot-dimmster sphers pravi.ily coosidnrwd have

oquation of mation (eq. (3)).

The sbore finding ia Important, for it indicstss that in the gen-
aral case, vherein the bodr enters the atmospbsre at high spesd ut
angle 8p to the horisontal, the previty term, wovided Op Iis mot ]
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too swall, wey be noglscted in equation (1) to yield

a5y, A sin by
at -]

(£5))

& P

s0 thah the flight path 1s essentiall,- -.mu;h*nm (l.e., 8 = 0y),

Y (12)
it

Now, sgain, if the dsnmity relation glven by equation (£) is vesd md
1t is poted that

3 o av
¥w——= or "“"’m’l—.,.
equation (12) besomes
-4 A P
..,,.._.“_:.Ez_. &

vilah cen bo integrated to ylald

- chQl' a'" . 3
YeTga W an Op " as)

and ths dsoslsrstion is shen

e dmg B )

If y, ic positive, the veleelty ¥y (from eqs. {13) w22 (1)) st
wilch the waximm deoslerstics. coours Decorrs

L -Tla-‘g 0.61 ¥p {16)

and the valoe af the mxximom dscelaration is

a-O= .

If eCuationa mﬂ(ﬂ)mmﬂﬁnh-hﬂnﬂﬂhh
reforencs puint y: rather than serd, then

~Blya+iwr)
Vavge 0 Ll

@ “8{ya48y)
_i_ CpPahTy g Hraty) T ein Oy °
]

oy
respectively, vhere Ay 1s the changs in altituda from ¥y, Substitu-
tion of eguation (15) inmto these expressions cwn readily be shiown to
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whare
K best transterred per wnit srus, f4-1b/re®

15-1b

* oouvective hoat-iransfar soeffTiclend,
™ Py

%y recovery temperstme, %2
7, taaparsture of the wall, °x
t iime, Bec

apd the swbeaript 1 JSewotssr loord oo itigas at axy clssant of the
surfece 48,

It 1is cooreniamt in part of this ssalysis 10 datermine the benting
sy 3 Tunction of aliitods. %o this end, poting thet

=

Y sin by
wo e thed oqation (£2) amy bu written

a _d - W)y

L ¥ sin o, =)
m;:m:htmmm.ﬁuhmh,hmh—
L A rl(a---u,\ -r(:u '1|F)

here

R Muoh mumber &t the aliitode ¥y, dlssnsionisss

y the ratic of specifle heat &t comrtanl pressmw to that al constant
voluee, Cpfte, dlmeneivaless

T s‘atic temperstre at tho altitele y, 0

BACE X hokT 13

a0 theb

O - %)y T - Ty + == iy

1% 1» swen that For large valuey of the Mach namber, which is the cwk
of primcipal luterest, the third term 1s large cowparsd to resscisbly
l]J.nﬂ:l.n'I.'l.uld' T - B It will tharefore b sreusd that 1 - T,
1s negligihie® 1o that

lrrur,,)l-l;—"n": (ak)
Yornover, sinee
- {r-1)op
oquation (2} way b written
Te - Tl = n% (29)

Now the local bewt-troosfer vosfTicisut ¥y ix, bty Faymolds’ amlogy,
for tha aswed Frandtl mmbar of =ity

h,-%url tpy Pt Ty £5)

vhare Cp is the local siin-friction coefficlsnt busel oo conditions

Py Yq, oto., Just outeide the bovedery layes. Thus, slnce (Tp - "}
15 sdsentially constaut over tha entire nrfuce §, the rate of lotsl

St sbould he coted that vithouwt this asseptics, the beat-imput deter-
niosation would bte grestly complicstad since tha cLanging well tem-
prrature vith altitode would Lave o0 be cousidered o oviadn the hrat
input {ses w.§:, ref. 1}). Tor high-speed smissila: vhich satntele
high spoed during dessent, the ssaueptisn is Jbvioudly parmisriils.
Bvso far ngx—nnd. msetilen vhich Iimally decalersva it low speeds,
the a» 21111 sdegunte ainca thy total beal dupet
i» lorane uummurumtuuuuwmm—qm
portim oo flight.
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Soat tromsfer with sltitude Lecoses from squations (23) through (26)

C,'avi

(21
LA Ty %

vheretn Gp 1s set cqml to Cp et
or' '%-[ 1y (?) (!FI' = i

e 111 be Sssuesd constant,” dokependect of witltule, «gain on the
mmmunnmrm-umumuam.
Wih equationa {2) sod (13), then, symidon (27) is vrivten

CrPA N
| _ St -w " Beein oy (29)
& " Yamngg K

- —

L oetned S oewara T
NP RO
Coee) A et
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develarntion, so thad

n c‘-'ﬂ
(5/%3« “Tine (& W)
L}

ad therelarr Uw woximm sliiinde rate of ¥ * tromafer corwm st the
altitule y (see e, {15)) und 1z given %y

@ @)-EE -

1% follove. of courge, that the altitude rate of heat cruneler .ories
vwith ipcremsntal change in sltitode from y) (0 the sao~ Lunper &9
deeateration, wnd thus .wme eq. (19))

fﬂ/ﬂl"u
{aafay),

The “otsl heat imput to the Yody *t lmpact follovs Srod equatise (29)
(integrating over the 1imita 0C y< w) and iy

= () (=)

.’Er's ﬂl‘!.ll'x
q'%'\.?; wol1-e

{1}

The epar* 7clocity, Y, (the velocity of body at y = 0), 1

Co%ch
- SR ARy

Tom 's L ]
8o that equation (13) oy he vritiea 1o the altercative Corm

=7 { %ﬂ%—) tig® - 7,5 (®)
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which, together with sguaticns (2) snd {13), boccus: at aliivela ¥y

e’ ar _ﬁ%‘i i

e e (%}

oy mrlem time TRie of Evuwge hedt trapsfer per wult sres iv founod
Irom this expresslon to be

() ()t @ mewn o

wl it ocoury of the altitels

2t sin &
vhors the wlovity is
vr,-v,-"'i TO.TeVy (®

As with wltitols rate of heat transfer, it coan be rhown that

(v fat)
(W far),

= r*{pay) (%)

Wpi.A
— - {—
S o L
t ta of L 1 arss.- Tha elesx-
tal surface H et to greaiant t r pur wit

aran iy, eicept in wsoel casew, the tip cf the wissile oposs vhick
first meots the alr. It seems uniiksly that & pointed noss rlll be of
priotical intersst fer hixh-spesd wissiles sines oot >aly 1e the local
beut-trangfer rets exzeedingly large in this czse, but the capscivy
for hyat retention ia mall. Thus & truly polntad nose woul.d burn
svay. Poly whepes of intarset for high-opacd misailes wvould sors prab-
ably, thep, be lboss vith nosy whapes haring pakrly besdepherical tips
The falloviog aoalysiv applics at such tips.

It is wrll kooun thet for sny truly blut body, the bow shock wave
1s datached und tiare exlsts a stegostion pelst st the nosa. Cousider
comditions at this point ssd aesume that the loeal rudiun of ctrrators
of the body i o (wee sketch}.

Ths bow shock wavs 1s normal to

the atagontion stressline sad wave

oonverts the sumpersomin flow Bow shock

shesd 0f the swock to & low T
mubsonditc Apeed Loov ot high Miysi
v atic temparstare fcreatresm

of the shock. Thae, it is wg- ___Ol09RGtion

gevted that conkitions nowr the sireomiine

stagwtion point mxy be inveeti-
gatod by tranting the nose ses-
tion s 1f 1t vera & sepeent of
a spbore 1in 3 pddeondic flov Tisld.

Toa beat-trunsfer rute par
wmlt aree at the stagnatica polnt
is gives by the relstlon

o, Nop Xp{Ty - Tp)
a d
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Wor = 0.93 II-.,ﬁ r:-i

W roiain the sassteption that the Prapit]l sombee 1s umnity, nota that
Re,. v Wall,., sl mbstitute equstion (£9) inte squetiom (k2) to obtaim

My = 2.0 X m":,i

If this exgresyion is combined with equation (29) (urglecting Ty},
sgoation (&3) mty then be written®

By e6Bx W GV ()

She assmepoion of constsnt demsity certainly sy invalidate this aml-
yels for any quastitative stndy of the relatively “cold-wall™ Maus
of intarest bere., For tha purpose of stulying relutive hant treunsfer
1t should, however, Jrove adequate.

vall conditions rather than recovery conditions boen used in the
Savelopment of squation (M4), the relatiom

r
" - [B oo
Ty 1.1x 10 J-;v

would have been obtained sssuming & limesar varistion of viscusity with
lemperature (tn be consistemt wiih the castmption of a Lool well).

ﬁhnlﬁonmnﬁw somovbat bigher hest-transfer rutam par wiit
xTon ) st velocities grester then sbomt 600 feet par

'. BOA X hOA? . 19

wbich, vhen ocebined with oguations (2) wsd (13), Lacomes

- B ---—-l-—r’cfo‘ ."h'
%-6.8: m"ﬁf"‘e_'t 2 win Og (s3)

T maxiwom valoe uf di,/dt cen resdily be shoum te b

. My pa ain
SIOR O

4 lel grovrs At e altitode

bk
L3 % n . slni) a7

~orreapoiding to the ‘elocity
o2
t.l -'ft! 7"?0.857: (w)

st Nnnar in vbicn ko hest-trepalfer reats per unit ares at *he stagoe-
‘1. joiat varies wicl iacrementsl change in altibtude from y, cenbe
tkevr, to be

(dﬂlﬂ-‘-)a. .- "(- - by
- = r B\ ). [T T
(a '"): . . Forfan) (49}

r dapentdenze if FU''(BY) on AW i showr. !t figure L.

) Touation (M6 wpplles unly T 7y, 18 Aaee ses level. T2 y_,
fr= equntion (U7), I¢ negutive, then the 3exiTrm Yest-transfsr :1!:
ier it aren L tae slagoetisn joint oocurs At fva levsl ard 1)

o 5 sty
e 1 N L
{\-ar) - (—;:!‘!.jo = £, Ry 2 '~ -ﬂg '.'Ea - igm sir E (’:)
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Motiom

The motion stoly thns some isportent featires about the high-spead
fscent of missiles throvgh the stsosgbere. The major assusptixs of
this mualysis were that the drag coafficlent was oouotwot opd the den-
ity varisd exponantially with sltilude. It ves found the” the deoel-

stroight live, the missile ssintaining the flight-
path angle it hed at exiry to e stunarhere.

For miagiles Prosently of more ssmal imtorest, the magimm decal-
aratiom oocurs st wltitnds, Ooe of the most interesting features of
the flight of ek & wins'lds ia that the meximnm dscoleration is inde-
pandent of physicil charmcteristics (sach as mays, #ire, and diag couf-
ficlent of the miasila), being doponiest on’y on the estry wpeed and
Tlight-path angle (sez oq. (IT)). The miswile wpood at msximm dacel-
erxtion (eg. (16)) benry a fixnd relation to the enirence wpeed (61 par-

in
thw deteleration smd speed bear fimed retios to the maximm dagelere-
tlon and the entry specd, respactively (mse fig. & snd equ. (19)
snd (18)), bence, the dacelerution snd wpeod Taristion with sliftade
e readily be dotearmined.

If tha missila is vory besvy, the caloulated sltituvds for meximem
(15)) =y be flotiticus {1.e., this altitude is neg-
ative) o the moximms decelaratico im flight, vhich ovours just bafure
impast at sen level, Is less than that caloulated by equation (1T7) snd
in dopendent on the boldy charmctaristics as uall as the antry speed
apd flight-path sngle (see eq. (21)). However, the veristion of speed
«nd decalarstion with sltituds from the fiotitions eltitude gives by
sqoaticy (13) cen still be cbtaived from figars k.

|

Heating

hant == In the boktlng wualysis, o mber of sluplify-

ing = vers meads which showdd limit ity applicability to the
dan

ternination of relative values of heating ot !ypersonic speeds. it
is 13 this relative sanne thot the Tollowing &d ~oussion pertains.

WCA T bohT o

In atusldering tha botal hest trenrferrsd by
miaile, it 18 avident from equation (13) tet the course the
shiuld take 40 cbtain the leust heating ls sffectad by the valus of
the fmetor

Yo 1llustyatsa, Tirast cous

wipsile for which this fantor ¥
"relatively besvy” 1s used to denote that ibw dencerioator irrolring
the mass 10 very large os compered t0 the mmmaratir involving the drag

Per undt Jynamic pressure, CpA). Then

3]
¥
;
s
]
i
{

1s o]l cowparsd to 1. If this fuoction {s expanisd fn zeries sad
ouly the loadlng term Tetained, equation (33) bLecoces

Cr'a%Vy®

(=)
Ap win o

qQnrw

For the relatively “weavy (lesfla, *en, the loant heat vill be trass-
ferred vben Cg'8 13 » cinimm - that is to say, vhen the total shear
force actlog on the body in & mindeum. This result 1s as wvould ba
dxpected, 1 ove notes that requiring 3 <<l 1is teotesount o requir-
lug the misslle to b =0 hesvy wat 1% i3 retapde! ~xle 31881y by
ssrodynsmic dreg Lo ity wolion throvdh the stwospbere. Bepoe, the heat
irgut t0 the missile is sixply proportional to the shewr faxea,

Now let s coonider the case vben B >3 1, or, {n other «ris,
vhen this missile is “relativaly Lijht,® In this enm:,

.
1., meRoy

and wguntion {31} can be spproximnted

1 Cr's
e or)
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For the relatively light mise.ls, thez, the lsast convecilve lmsting is
cbiained when Cp'BfCph te w miniwm. Thls is at Cirat Zlance &
rather swyprisiog rasult, for it indiocates bt the hesting is reduced
by lnereasing the tolal drag, provided th equivaient fricticeal drag
is wot lncressad propartionitoly as fest. Physically, bthis snomcly la
regolved if the problem is vléwed in the folloviog vay: The wioells
entering the stmospbare has the Xivetis eoergy 1/2 w,? but, i

| SE (uy
‘E

13 weall, then oemly all iis epirance kinetic coergy (2 lost, due fo
tie action of sarodynsmic forces, and wud® app 0~ st bealing of totl
the simosphere and the missile. The fractis .2 0 otal lwee vhid
is given to the alasile 15, from equatien 17,

‘ .
.

L
“p

0l

=/

Thus, by keeping this retio & winlmm, «! e, 9o Jts o1 0t
apargy (n given 1o the atmoaphere nod vie eivalle "=n’ g i -Lersfom
least.

Io order to 1{luat,ota thase mweclideris « . ir dre we da'all,
calculations have besn oede usiog tha 33 91y b seloper: arstfon
%5 detarmine Lhe heal trwngfarred by corve © o e il
aisaileg. Tuc classes of misriles buve 1ewl. crslowrm.. "ol B
the first rlass were reguired to barg » bags a4~ 1T nouary fees,
Migglles in the second <lmam werr required *- oo te. o emt!
Toe™, Orose mights of 1 2,04, %% 41 y by 2 & 100 1ue
tean aszvesd, and the entrwnre magle, ¢, Bur tea . aml i o u
h ull casen. Hissile hestiog, wr w0 e w § g *, 0% 10w
ahloulated an a function of cone aurle [r Limd 4 fPhac o L 4o .y
2oty sod 1,000 feel par second. 1% L 0 aloadailedr W Tressa
drax coaflicient was taken as ctnutncl for . twrbisal. ooe o oe

zulas corrawpundioe o Lbe eotras o Mee: e {2 w0 LR
Ay noomed nroughout). These oheffisier-- weny Ju'era wao irs = -
erehre £ f v zoue apgles of 199 wid greats. . R e N o

wist LY, ~rlerence 7 was wuployed 1o dyierml 4 110 0 02 (0.2

18vote what vven 'f nll the drme o et il YL
I3 trageferred t0 the body, Mo ather tilf oo o) e o0
boundary layer snd 18 left 1y the «'r Iy el A, o

_——
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(bmon dreg wos neglected iu all onsas). The total drag cosfficlent
wis tuken ma the gom of the pressure drag coefficient pius the skin-
friotion coefficient, the Jatlar sosfficlient Leing taken at its value
for secimm tota) hesi-input rate with altitods. The boumdary layer
wng aswomed to be wholly forbulisct since the Reynolda madbar, besed on
langth of rm: along tha sirfase of & 20ow A local canditiops t
outside the boundary layer, way alynys gresier than obout 6 % od,
in fent,was of the otder of billions fox' the moren aledder 27078,
Turtuient-houndary-layer data wire nbisined from refarences 3 nod 9,
aod Sutherland's iswv far the variatlon of riacosity with Lewparsture
was used in obtwinlag "squlvaient fiat-plate” beat~trenst » coeffielents.

Mtasile hosting celoulated in thie ssnper for the rimed-bams-area
and fixsd=volums sonss 1s presented in figures % sl 6, respactivaly.
Turves for wieailes baving denaition greater than stasl are considared
iaprobable and syw shoun as dashed lioes. It is olsar thst for both
classes of tofdlas, vhen th: missils 1a relatively beary, the optlauw
soldtion 14 chtained by mucing Cp'S =d mell e posalble (ssall cone
augle cage) and this optimm Ly atceptumted with increase in spead. Om
the otber hiad, vhen the wisaile is relstively Light, reduced heatlay
ia ottained by waking Cy'3 as mesll ns possible (the larss -one
angle cass). It is noted wlso that, in geosral, the wivantage of
redvowd tweling of tis ralotively Yight, blunt cooes ix sore pranaiaced
in the floed-bese-ares casa than in the Ftxed-voluoe cucs.

rate uf IE hns %t g univ ares.~ It waa
wl%ﬁﬁi‘.be tiwe rate of average heat ingut per
unit area sy be of serios importance in determining the structural
integrity of migailes entering the satwospherw sl bigh speeda.l} In
order to 1llustrats xhis fwat, coasider the osse of a misalle lmving s
shell mads Of solid msterisl and seause shet the rate of hest transfer
per wiit sron does not very reridly from ooe swlsce elstent t9 tha
next. Theo the rate of Lronwler of heat alomg ‘he shelr vill by samll
oempered vith the rete ¢f tranafer through the shell, Tie akell strass
due =0 beat traosfur is that resulting fron the tamdent; toamrd Qiffer-
satial oxpansion civough the shall mne i+ L8 propertional to cu'::;:q
viare T, 14 the tewpersture ut anmy point 7 vithic tie cthell L]
is ‘MR- perpendiculer from the sbell surfece. ¥« Jefime as
thr thersel condistivity ' the shell material; traa toe rate at vhich
heat trmnsfers througi che ahell par unit area is k. Ll't...'d-n and thils
must, at y = ), equal the rate af heut Joput per mit s'rlece arde.
Fer the misslle considered as a vhole, the maximus Yalic >F ite averagr
thermal stress ln the shali {8 & weasure of the "7 7-all viructural

A27h1y 1 tle common quse viwn the shell msteris] acts as structurel
support and cust eleo transport or sheort the heat.
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if the glven wlavile alao attalus ity maxlwes raty at ses lawl
{1.0.; 35 = 03 oq. {¥1)); wharecs

’ - /hd‘“'l__l__ on

*OfA ST

17 the givem wissila atislor m-uu-ﬁm—w(q. (h8},
the

¥4 ponitiva). The weristion of ¥ with is shown in figare 9.
ci-r g thm Rigr creapory dreg shepe ban slventags over the slepder
sheps in thie respsct.

In oxdar to 11Muntrwie thewe comiderwtions im greater Mmiall,
wain conaider the conptani-base-sres snd ometsnt-volime comes diw-
. Astows Uw pointed tips of all the comas are yeplmoed
by wperizal tigs of the sswe redims ©. The relubive cffect of vary-
o the stagnstico-point heating csn then ba aswessed
¥y Sctoruining the vardalion of the prodwct

2L

lculated for tha various cooes, asmming Cp

o of the hemispberloal sip (the tip

mey be arbitrarily smell), end the reswlts are sbown {u figwres 10
that the aissiles harving lerge vone angle

|
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sE
%
i
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TSN COMBITERATIONG AND CONCLUDING NEMARKDX

In the foregolag amelysis amd disvussion, tvo axpecis of the beat-
mmm-iuu.lnurlmﬂnmmm. The
tmmummtmm&whmu«umntﬁ
the ooolan; roquired %o prevent its disintegreation. It was foumd
1 ¢ missli» were rela’ “vely light, the least Tegquired weight of

{apd dence of aissile) 1= oriained with a shipe haviug o high
mmwmunt,mtuum,-u-tm. On the plhier
hﬂ,ltmmﬂmumunmmnnunumﬂulmt

The setond sspect of the heating problem {freatsd war voocsrmed
with the rute of best imput, partiouiarly vith regsrd co thermal sheil

MACA TH WORT {4

stresses Toculting tharefrom. Tt was sepr that the suximum s=avrege
heat-lnput rate oad, bexs, maximm srarage theraal stress could be
dr-rapsed by wilng eitbar a hiunt or & slrndar uigsila, whlle mlasilas
# loterediste slenderness were dcfinitaly to b4 avuided in ‘hiy con-
o *tion. The rcglon of bhigheat loml hest-tranc®™wr rate and, heuoe,
probably greatest therasl Ftress vau resson~d 7 14 1ocated &t the
fursied tip of the sivsil= la wost cases. Thin vas swouced o be

t  raps mpl It vas Tound thax tha mapnitnde of ‘hiz strans vas refaced
. rpluying & sbape oaying the lergest permissibie 313 rndico ome

- e =d) drex coefTicient; that is to say, h= Llunt, higk drxg siara
~imyc sppervrs 1o baws the adwntage it thic respert.

spe Terults provide us vtk railas crudr, Jar useTul, Lases for

+ - ing shaper T misi'ler enierice 1t xlcdaphm'e vhich hiorr mind-
at-trinafer problax.. 0 o Acemowo Aeelds casidarutions

H Al, toarter, et &, dicta'a ‘Toc ¢ 1 re-shiry Vissile be rela-

=% =ary 12 the sends J° LE' ) gt Chel 2N ERT 1 2ot degireble

. 1hiz misrdle 1oml 0. & ¢ o-r, s3pstlan)y TP W roisy spead s
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a shere =ny meed o sbthilizing snofacew.
Teosver of this insensitivity to sttitnds, a
wrror «k the targast.
The sagnituds of the meximes docalsrstion 1 greater than csn
tha ophere
spike Trom

form shell beating.

. On the other band, the syhare, in ocrmwou with okber very high drag

thepes miy be veiocepiabls 1f:
The lower svarngs speel of dososat imcressis the wind drift

3. Aexolyoemis forces are 2ot sezsitive to avtitede and, heoow,
Tha Jow t~ruionl spesd porwita ofifective ouwmtermcageres.

2.
2.
3.
first
o
]
Those




nl f R
'1.‘

"‘i{q b

T repey rETr—

1
i e v
yToE e ‘o LR il
FLI I A B [T . L
1 -

W Bedan o . .Ml
K *"‘U"' ¥ : \ Ve e T
) R Y« e A T S
S P AT L . P R
O A L NP
B *T:‘i'-;kh}_ l ion HF'
g "l.*."_-:h,..'nm—uur-fuqmuuu.ﬁ" ' !F L
' i
. B .7 . woly factor, dimsssicnless
' , (Sea oq. ().} )
& freg sostficient, Simemeicalese
s siin-friction coeffioiemt baeed On oomditims juct ousslde
+ e bowalsry Inyer; diwensicmisse
’ aguiwlent coafficient, Mr ariorlusy
oo ..ut ) (Gue oy, (£8).) ' . .
e ;“ - " oy mmummm._%
- Cy speaific hoat &t copstunt volms. q'
»pi pn fonert my j:l.-nl
. - {0 ﬁl- ( ), (J.S'h i
* ' B E nccalerstion & 62 fcpum o7 ‘m:',-(‘nl.'.-\ e 2.2 -_-:!i
= -13
Tk - h oouvodtive heft-transfar sositlclent. —;—-—— -
E A R
- e g . foth
REEERE x tmmumuﬂ.tm-..——.
N
LECRY SN
L M M
PR thermal oondnctivity, e—e————
S ) ' sen 2t (Opfrty

E & & b

L]

I

of air st altituls ¥y

' horimstal sad vertical distesss from fapact poist, It
-'Md'mi—':'- .

ﬁ.
.\J K

“'t‘l

' *'sif ﬂdi!.fr

omstant in deseity « eliitode ralation £t~
(ee og. (2).)

2at10 of spacific beat xi ponstant prwsswre to speeific
et ot sawstaxt voloms, Cp/t,, dimsosionless

incremmnt
distencs within the shell wessursd noxml t0 shell swrfaoce; ft
mgle of flight path vith respect to borlmastal, deg

coelfiaiant of shaclute viscosity, —Pn
It eee

_wlr dscaity, "%?
ralive, £t

relative hast-tyenafer faator Taonlevs
(Bee wpe- (20) ma (1)) " .

Sdescipte

ﬂh—u-—hﬁb o) )
womittiess ot Altitels n(q.nan : .
.J.I; ¢ . Lo

1
Sl e
4, 44.*."1:4'1"1‘"" ANET I

. cmmmmnad s




>

oomditions st altitode ¥ (eq. (¥))
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conditions within the shall of the misslla
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JFPRMDIX B
SINPLIFYING A00UMETIONS TN THE CALCULATION OF
AERODYRANIC EEATING

As moted in the aain body of the report, the heating snelysis is
aimplified by meking the following assurptionst

1. Couvettive heat transfer is of foresst lwportanchn; that is,
miistive effecta may be naglected.

2. Effects of gaseous LspmTocticns, in particular dissoclation,
may ba peglected.

3. Effeets of shock-wave boundary-layer lateract!on msy ba
“ﬂ.cul

. Peynolds' apslogy ls spplioetle.
3. Prspitl mwber is wnity.

The restrictions impowel hy thase assvoptions will now be consldered
in Scme detail.

In susamption 1, hvo eimplificatioss are lovolved; nemaly, (1) radia-
tion from the surface of the body Ls neglected, snd (2) rediation to thm
body from the high-taspgraturs disturbed alr botwosn the shock wive and
the surfuoa is veglectad. The first simplification sy ta justified om

The secood siwplifieation of ignoring redistive beat irsnster from
the disturbod air to the body iv 2ot so casily trested. At oxdinery
rlight spcads this form of heat transfer 13 oegligibla sines it is well
entablished that st temperatures not Loo different frum ssbimt tem-
parature, alr iy both & poor radiator and s poor sbearber. Ab the

sspeolally About the beavier blunt bodiss. At thase tamperaturey it
dosa mot follov, a priori, thet air is & poor vedistoy, Datw on the
properties of air at thase tesperstures a>w indeed meager. Nenca, 1t
is olewr that aalculstioecs of redistive best transfer fros air wndar
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thesa conditions must, at best, be qualitative. Keverthelesa, sevaral
such calculations have bean mede, ssmming for lack of batter infogma-
tion that alr bohaven w3 a grey body rediator and thet Wein's lav aay
be used to relats tha wvave length at vhich the maxiwm amyurt of radia-
tion 18 emitted to the temperature of the air (this assuxpiion, 1o
effect, enables low-temperature data on the emlasivity of air tv be
uged in calculating redlation st high tempsratures). In thess calcu-
Intlons effects of disscciation in reducing tho tesperature of the
disturted air have also beea neglected and henoe from this standpoint,
at lemst, conservative (1.0., too hipgh) eatimates of redistive heat
transfer ohould eyolve. The resulis of thess calculations iodicate
the following: (1) Rodiatlve heat transfer from the dlsturbed air to
the body is of pexliglble Unportance compared to cotvective best trons-
Ter at entranos speeds in the nelghborboocd of, or less than, 10,000 feet
per second; (2) Radiative acat tranafer, in the cAse of relatirvely maw-
sive blunt bodies, mny have to be consldared in Yent-transfer calcule-
tions at entrmnce speeds in the nelghborhood of 20,000 feat per second;
(3) Reilative heat trapsfer, in the cass of 1elatlively smssive blunt
bodies, may be of cosparabls lrportsoce to convective heat tranafer at
entrance speeds in the neighborhood of 30,000 Teet per second. From
theee results, we conclude, than, that the mglect of radlative heat
trengfer from tha disturbed air to the body is probabl - persdssible for
a1l except, perhaps, very wlunt end beary shapes st entronce speads up
to 20,000 fee per econd. However, thie simplification may pot be
permissible, ecpecially in the case of henvy blunt bodles entering the
atmospiere at wpzeds 1o the meighborhood of, or greater than, 30,000
feet par sacond. i

In vseumption 2, the neglact of effects of gaseous imperfectlons,
particularly dissociatdion, on couvectlve baat tranafer would appear to
be perninsible at entrance spesds op to and in the peighborhocd of
10,000 feet por second, alnce nt soch sperds the temperatures of the
disturbed alr are not high enough for theses Imporfections to becowe
slgnificently monifest. On the other hepd, as the entrance speeds
approach 20,000 feet par second, terporatures of the disturbed wir may
eagily exceed 10,000° Reukine, in which case appreciable dissocistion
moy be anticipated, inside ths boundary layar far all bodies, and
inside apd gutside the boundary layer in the case of blunt bodles. The
magnitude of these sffects im at present 'n some doubt (eee, &.g., the
regulta of refs. 12 and 13.) Hencr, for the present, the meglect of
affects of gasecus lyperfactions oo convectlye beat transfer is wot
damonstrably permisaible at entrance speeds in the aeiphborhood of
20,000 feelt par secand or areater.

In agewmption 3, 1t has bosn shown Ly Lees and Probstein (ref. 14},

TACA TN 4057 E»)

mmbers in excecs of about 10. Leas tod Frobstein foumd sosevhat the
gpposite effeot an he~t-transfer rate in the ceee of veax intersction.
It is Dot nov known how this pbepomenon depends upon body shape or type
af boundnry layer. However, it is rcasobable to anticipate that there
vill be sows cffect, ard csrtainly if the s¥in-friction coefficient iz
increased in oxrdar of mognitonde at Mech muolers approaching 20, 0
indicated by the results of L1 aid Hagmeatsu for stroog intrraction,
then the phenomenon camnot be prwsomed nagligible. Hence, ve cooclude
that from this staodpoint, also, the corrsctive heat-transfer celoula-
tions of thils report may te in error &t /mtrance speeds of the ardsr
of 20,000 feet par socond or graster.

The sssusption that Reynolds' apalogy mway be used to reiate skin-
fricticn ond heat-trmnsfer coeffioient does pot, sspecially {in tha
1ight of recent work by Rubesin {ref. 16), seem out of line with tha
purposes of this paper, ot least at entrapce speeds up to and in the
neighborbgod of 10,000 feet per srcond. However, it does not follow,
s priord, thet this sasumption ramaing valld at substantialiy higher
entrence opeeds, especially 1o viev of the lmperfect gns apd shock-wave
boundary-layer-intersction effecta alrendy dlzcassed.

The assumpilon af Prusdtl musber squal to onitr would alio appesr
permissible for the apalysis of reletive heatlng of miseiles at the
lover entrance spesds coneidered hers. Nowever, in viev of the quas-
ticnable effect (see agaip refs. 12 apd 13) of diascriation on Pramdtl
pumber, it 1s oot clear that this assumption is strictly valid at the
intormedicte apd higher entrance speeds trested in thia report,

Freom those conslderations 1t is corcludsd that the simplifying
asemptions aade ip tha pain hent-4repafer sonlysis cf thie paper will
oot eignificantly ipflvapce the resultis at entrance speeds in the
neighborbood of or less tkan 10,000 feet per second. However, ab
entrance spasds 1o the neighborhood of end greater than 20,000 fost
per sccopd, thome results mat be viewod with skepticlm. Yore wecmate
calculatians of heet transfer at these speeds must, amcng other things,
avait more accurate determinationa of both the static acd dynnmic prop-
erties of air unde:" those circuestances.
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